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Cover note on the present contribution 
In 2008, a  Nature  Letter was published by Raebiger, Lany, Zunger entitled  “Charge 
self-regulation upon changing the oxidation state of transition metals in insulators” 
Nature 453, 763-766 (2008)]. The paper dealt with a physicists-view on the peculiar 
phenomenon that the physical charge around a transition metal atom in covalent 
medium seems to be nearly constant, independently of the charge added to the system 
as a whole. A corresponding News &Views article entitled “Charge states in 
transition” was written in Nature by R. Resta, (ibid. p. 735). 
These two papers have created  significant interest in the chemistry community, 
including an Essay in Angewandte Chemie , published by Jansen and Wedig (JW), 
entitled  “A Piece of the Picture - Misunderstanding of Chemical Concepts” ( M. 
Jansen and U. Wedig, Angew. Chem. Int. Ed., 47, 10026-10029 (2008)]. In this essay, 
JW expressed opinions about our work, opinions which we find unwarranted if not 
unfounded. The authors of the Nature paper on which this Angewandte Chemie essay 
commented were not approached by the journal to solicit a comment or rebuttal. After 
the publication of the Essay, we have thus submitted to Angewandte Chemie a 
manuscript that provides our response to this criticism, and in fact attempts to go to 
the roots of the concepts of “Physical Charge” and "Oxidation State" underlying this 
controversy. The manuscript entitled: “Oxidation numbers as Social Security 
Numbers: Are they predictive or postdictive?” also includes new examples that 
illustrate our view of the difficulties created by the traditional chemistry concept of 
Oxidation States and the problem of assigning unambiguously oxidation numbers as 
prediction, rather than being a succinct way to designate ex-post-facto one's view on 
bonding once this information in gleaned from independent sources. The paper 
emphasizes that Charge Self-regulation, not charge-transfer is at work in such bonded 
systems. Our manuscript was, however, rejected by the Editor of Angewandte Chemie 
on the grounds that it is not of interest to the community. We beg to differ, and post it 
here to provide access for interested readers. Na
tu
re
 P
re
ce
di
ng
s 
: h
dl
:1
01
01
/n
pr
e.
20
09
.4
01
2.
1 
: P
os
te
d 
27
 N
ov
 2
00
9
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The Oxidation Number (ON) of an atom within a
molecule or solid is a well defined quantity in chemistry
(assuming a consistent set of rules are followed), with a
long and distinguished history of usefulness. The ques-
tion revisited recently [1–3] is whether it carries a predic-
tive physical meaning in its own right beyond being an
unquestionably convenient label. For example, whereas
the color of compounds physically reflects the relative
energetic positions of occupied vs. unoccupied, dipole-
coupled energy levels, can the color be explained [4] by
the oxidation state of the central ion? Can the differ-
ent colors of various Mn compounds be predicted or ex-
plained in terms of their oxidation numbers [e.g. pink
Mn(II) vs. black Mn(IV) vs. purple Mn(VII)], or does
such understanding entail knowledge of the occupancy of
the hybridized d bands, a knowledge not provided by the
ON (but possibly labeled by it, once such understand-
ing is independently acquired)? Also, the photoemission
core shifts of an atom within a molecule (e.g. relative to
a reference of the atom in its elemental form) physically
represent the balance of all electrostatic charges in the
system as felt by that atomic site. Can this balance be
predicted or explained [1] by the oxidation number of the
ion, or is the latter only a convenient short-hand notation
(often assigned ex post facto) for an otherwise possibly
nontrivial electronic structure? In other words, the cen-
tral question here is whether the Oxidation Number is
predictive, in its own right, or does it act functionally
as a Social Security Number that conveniently labels a
person, but by itself (e.g., without additional access to
financial, medical, or educational records, or psychoanal-
ysis) does not lead to understanding of the person.
The concept of Oxidation Number is connected with
the idea of charge transfer [5]. It is commonly defined
as [2]
ON(ion) = Q(compound)−
∑
Q(ligands) . (1)
Here, the first term is the well-defined physical charge
of the system as a whole. For molecules, it equals the
net ionic charge, e.g +1 for [NH4]
+ or −1 for [BH4]
− ;
for solids such charges are commonly induced via car-
rier doping. The second term corresponds to the sum
of the fictitious effective charges on ligands. Its magni-
tude could be guessed from the relative electronegativ-
ities of the ligand vs. central ion. For example, it is
+4 for the hydrogen H4 ligand in [NH4]
+ and −4 for
the hydrogen H4 ligand in [BH4]
−. The central problem
surrounding the ON, which we discuss here, is already
encoded in Eq. (1): It incorporates, as the first term a
physical (observable) net charge, but the second term is
a fictitious set of charges whose magnitude, as will be
illustrated, lies to a large extent in the eyes of the be-
holder. Indeed, the determination of Q(ligand) might
require sometimes a deeper understanding of the ligand-
to-ion bonding than supplied by the electronegativities,
since the thermochemically determined electronegativity
may not always reflect the correct ligand vs central ion
orbital order. Regardless of these ambiguities, the ON
of Eq. (1) has proven to be a very useful construct in
chemistry, having sufficient flexibility to accommodate
rather sophisticated viewpoints and results. The discus-
sion surrounding it does not question its usefulness, but
rather if it can be interpreted simply in terms of a physi-
cal charge-transfer; in other words, is the ON pre-dictive
or post-dictive?
In two recent contributions in Nature [6, 7] we have
addressed the concept of oxidation number from a rather
non-standard viewpoint (see, however, precursor work by
Haldane and Anderson in Ref. 8). This induced the Na-
ture journal’s copywriter into advertising our conclusions
as “heretical” and dispelling a “myth”. Not surprisingly,
articles decorated by such provocative copywriter head-
lines have triggered understandable reactions by some
members of the chemistry community [1, 4]. What is sur-
prising, is that our message has been regrettably missed.
We thus take this opportunity to discuss the underly-
ing concepts from our somewhat different point of view
as physicists, with the hope that this cross-cultural dis-
cussion will enhance our mutual understanding of such
important concepts.
Contrary to Jansen and Wedig’s (JW’s) claim, neither
Raebiger, Lany and Zunger (RLZ) [6] nor Resta [7] were
calling into question the usefulness of ON’s. In fact,
we are neither stating that “the concept of oxidation
state is meaningless” nor that it doesn’t “refer to some-
thing real”, as our critics claim [4]; we do state—perhaps
“heretically”—that the real experimental signatures as-
sociated with the oxidation number of a given element
cannot be explained in terms of a charge-transfer model,
not even as a first approximation. Indeed, we do ques-
tion whether it makes sense to correlate atomic charges
with oxidation states. While our answer is: “basically it
doesn’t”, the answer of JW (Ref. 1) to the same question
is: “yes, it does!” (exclamation point in the original).
This answer, and the criticism embedded in it is fur-
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2ther cemented in JW’s choice of the title of their paper
(“. . .Misunderstanding of Chemical Concepts”), which is
exciting, but does not have the additional virtue of being
also true.
The fact that the ON may not represent a physical
charge was indeed suspected by Pauling in 1948 [9] when
he offered a postulate, saying “It has seemed to me likely
that in general all of the atoms in the complex that con-
stitutes stable chemical substances have resultant electri-
cal charges smaller than those shown by these most elec-
tropositive and electronegative atoms in their compounds
with one another, and I have accordingly formulated the
postulate of the essential electrical neutrality of atoms;
namely, that the electronic structure of substances is
such as to cause each atom to have essentially zero re-
sultant electrical charge.” This postulate was eloquently
phrased by R. Hoffmann in 2001 [10]: “Is there really a
charge of +6 on the iron in the [FeO4]
2− and −2 charge in
[Fe(CO)4]
2− ? Of course not, as Pauling told us. . . Such
large charge separation in a molecule is unnatural.” Such
metaphysical expressions of what atoms really desire, and
what’s natural for them and what’s not were frequently
supported by quantum chemical calculations of atomic
(e.g. Mulliken) charge [1, 2, 11]. Despite the frequently
repeated disclaimers on the well-known arbitrariness in
apportioning molecular charges into atomic constituents,
such charges tend always to be much smaller than the
oxidation numbers obtained by Eq. (1). Thus, formal
Oxidation numbers are not physical entities. This is all
well-known and not surprising; that oxidation numbers
are formal quantities and not physical entities is indeed
common undergraduate knowledge, and certainly not the
subject of the recent paper in Nature [6].
What is surprising is that in a recent 2008 Essay in
Angew. Chem. [1], JW suggest that “a specific oxidation
state can be correlated to real properties”. The authors
further ponder the question “does it even make sense to
correlate atomic charges with oxidation states?”, and an-
swer a resounding “yes”. This is not the only recent as-
sertion of the possible predictive significance of ON’s vis
a vis real properties: physical models of interacting point
charges constructed according to the ON’s are often em-
ployed to explain structural anomalies in solids [12–15].
Even Pauling, just after postulating in 1948 the electro
neutrality principle, proceeds to describe the difference
of white and gray tin as a literal transfer of electrons be-
tween different tin atoms [9]. JW say that RLZ “preach
to the saved”. Are some, perhaps still in need of saving?
Indeed, the discussion of JW of the uniqueness of ON
determination leads them to a conceptual entanglement.
After reviewing two centuries of chemistry, JW say that
ON are defined by electron count, thus giving them actual
physical meaning: “it is possible to determine differences
in oxidation states as whole numbers through redox titra-
tions. A particular oxidation state of a transition metal
can be attributed a specific number of unpaired electrons”.
JW next continue to destroy the very physical mean-
ing of ON, saying: “The only factor, then, that could
lead to a change in oxidation state is the total electron
count, provided that the effect is localized on individual
atoms”. Since, they recognize that the charge can not be
fully localized on a given site except in ideal ionic limit,
they say: “Therefore, the allocation of different oxida-
tion states for the transition metal atoms upon variation
of the total electron count is highly questionable”. Can
this statement be perceived as heretical to the Canon of
chemistry? They giveth (a meaning to ON), then they
taketh it away.
Given the sense of self-entanglement of some of the
concepts surrounding the discussion of the physicality of
ON, RLZ have taken [6] a somewhat different route: ex-
amine the physical charge PC around a central ion as a
function of changing the system’s chargeQ(compound) of
Eq. (1). Changing Q(compound) mimics what electrical
doping of solids is doing—adding net charge via substi-
tution of ionizeable impurities, thus shifting the Fermi
energy. According to Eq. (1), a change of the electron
count [i.e., a change of Q(compound)] necessitates that
the ON(ion) of one ion must change. Will the physical
charge PC(ion) around the ion change too? What RLZ
have found was that PC(ion) stayed nearly constant as
Q(compound) was varied.
The study of RLZ involves three significant ingredients
that differ somewhat from analogous studies in chemistry.
First, RLZ look at actual charge distribution that re-
sides around an ion, rather then at formal constructs such
as ON. The standard objection that, the definition of a
charge requires specifying a radius and that the latter
is essentially non unique, is circumvented by consider-
ing [16] the Charge Accumulation Function Q(R)
Q(R) =
∫
R
0
dr ρ(r) , (2)
that tells you the amount of charge enclosed in a sphere
of radius R, where R is a continuous variable, and ρ(r) is
the total charge density. Q(R) for Cr in various oxidation
states (+2, +3, +4, +5 in GaAs and +2, +3, +4 in MgO)
is given in Fig. 1, and the reader may look at any R value
he/she wants. (Luo et al. gave a similar plot for Mn
with ON’s +3 and +4 in CaMnO3 and other materials,
including the metallic bulk Mn [17].)
Second, RLZ focus on changes in such charge, for a sys-
tem embedded in a reservoir. Even if the static charge
around a bonded atom [such as Q(ligand)] is ill defined,
the charge which flows in or out of the reservoir (such
as Q(compound)) is well defined. Indeed, already in the
very first lines of Ref. 7 we have stressed that, quite gen-
erally, charges in transit are robust while static charges
are ill defined. This applies to both molecules and solids.
In molecules, displaced charges (i.e. ‘in transit’) are
measured by either “atomic polar tensors” or infrared
charge tensors [11], and the concept is unambiguous.
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3FIG. 1: Charge accumulation function Q(R) for Cr in GaAs
(blue) and MgO (red) in various oxidation states. Notice
that, counter-intuitively, at large radii R > 1.2 A˚, Q increases
upon increasing oxidation numbers in MgO, due to the inward
relaxation of the neighboring oxygen atoms.
The condensed-matter analogue is that, while the static
atomic charges are ill defined, the charges displaced by
any perturbation are unambiguous [18]. At the root of
this is the continuity equation, and the fact that cur-
rents (either steady-state or transient) are well defined
in condensed-matter theory. In some cases the charges
in transit are quantized, as in electrolytic cells [19] or in
the QHE [20], in some case are not, as for the Born effec-
tive charges in polar crystals [21], and, more generally, for
the charge displaced in any dielectric phenomenon [18].
Third, RLZ used standard definitions [5] [formally
Eq. (1)] to scan the ON of a transition metal impurity by
changing the system charge on the compound. For ex-
ample, in the case of a Cr impurity in MgO, the Mg and
oxygen ions in pristine MgO have oxidation numbers of
+2 and −2, respectively. Substitution of a single Mg in
Mg64O64 by Cr produces a fully occupied valence band
plus new impurity levels with t and e representations in
the host band gap. (These orbitals are hybrid levels, and
thus not associated with any single site such as Cr or O.)
When these levels are occupied by 4 electrons (configura-
tion t3e1), the system remains charge-neutral, meaning
that no charge has flown in or out from the reservoir:
hence Q(compound) is zero, and the ON of Cr is +2. We
then remove an electron from the system by ionizing a
gap level, thereby changing the integer physical charge
Q(compound), which requires a change of the ON, ac-
cording to Eq. (1). The question is, which atom accom-
modates the change. One may choose to change ON(Cr)
from +2 to +3, ON(O) from −2 to −1, or ON(Mg) from
+2 to +3. Obviously, changing either ON(O) or ON(Mg)
breaks an octet, so ON(Cr) seems like the best guess.
Note that there is no implication that this charge is re-
moved from the TM site or any other site: the charge goes
wherever the variational principle, implicit in all quan-
tum calculations, tells it to go. The resulting calculated
electronic configuration and lattice relaxation [6] tell us
that, the crystal field resonances are occupied by 3 elec-
trons (configuration t3e0), whereas the LUMO is mostly
e like, the Cr magnetization has changed roughly by an
integer from 4 to 3 Bohr magnetons, there was an inward
relaxation shortening the Cr–O bond by∼0.05 A˚, and the
average core electrostatic potential changes in accordance
to XPS shifts for known [22] variations in ON(Cr), all in
support of the guess that Cr changes its ON. Indeed, once
the above known signatures are identified, one can assign
ON’s ex post facto, regardless of where the variational
principle distributes physical charges.
It so happens that calculations of periodic solids re-
quire that each cell be formally charge neutral, or else
the total (electrostatic) energy per cell diverges. JW
were confused about this technicality, fearing it clouds
the results. We emphasize here that the effect of the
background is well-understood and robust [23], and that
it does not cloud the calculated electron charge density.
Image charge effects to total energies due to periodic
boundaries [23–25] are naturally taken into account ap-
propriately [23]. A Green’s function calculation, for an
isolated impurity in an otherwise infinite matrix [16, 26],
or a cluster calculation (with appropriate termination)
would provide the same results. Furthermore, the cor-
rection is actually implemented in the potential, not in
the actual electron-density [23]. Therefore the calculated
electronic charges do not contain any spurious contribu-
tion from the background. Thus, the only objection of
JW regarding whether the calculation of RLZ amounts to
changing the ON or not can be unambiguously resolved
at the positive.
The central result of the study of RLZ was not that
PC(ion) is different from ON(ion), as suggested by the
Nature copywriter offering [7] in Resta’s cover piece the
headline “Transition metals come in different oxidation
states with different electric charges. So at least we are
told at school. Detailed calculations lead to a heretical
conclusion—those variable charge states are a myth. . .”
“What is the relationship between static electric charges
and oxidation states? None.” Indeed, the central re-
sult of the RLZ study was that there exists a feedback
mechanism that balances the physical charges in response
to changing the net charge Q(compound) of the system.
The change (re-hybridization) is so as to compensate this
perturbation, i.e. it is a self-regulating response (in the
Le Chatelier sense). Charge self-regulation, not charge
transfer is the appropriate description of what happens
when the system charge is altered. The change of the
ON is generally not reflected by a change of the physi-
cal atomic charges. The fact that ON’s often correlate
with interatomic distances, Jahn-Teller distortions, pho-
toemission core shifts, etc., is coincidental rather than
causal.
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4TABLE I: Properties of the neutral (Q(compound)= 0) and
charged (Q(compound)= −1) Mn acceptor in zincblende GaN
and GaSb: The point group symmetry, the sphere-integrated
(R = 1.36) local magnetic moment and local charge, and the
ON deduced from these properties. [These calculations were
done in GGA+U with standard parameters for Mn (U = 4eV,
J = 1eV)].
symmetry m [µB ] Q [e] ON
GaN:Mn0 tetragonal (D2d)
a 3.8 5.9 +III
GaN:Mn−1 tetrahedral (Td) 4.4 5.9 +II
GaSb:Mn0 tetrahedral (Td)
b 4.4 5.6 +II
GaSb:Mn−1 tetrahedral (Td) 4.4 5.6 +II
a the aspect ratio of the tetragonal distortion is 0.94 (−6%)
b approx. Td symmetry with a non-symmetric distortion of less
than 1%.
This study of RLZ highlights the fact that the ON
is pre-dictive only to the extent that the second term
in Eq. (1), the fictitious charges on the ligands can
be assigned a priori, rather then post-dicted after the
Schro¨dinger’s equation has been solved. We give here a
few examples illustrating how ON’s can be assigned only
after electronic structure calculations revealed what’s
happening.
Example 1, Mn in GaN and GaSb. Here we consider
substitution of the cation site of common, fourfold coor-
dinated zincblende materials by Mn. In both cases, this
leads to a partially-occupied t2 impurity level in the band
gap [6, 27]. Additional occupation of this level, (e.g., by
doping with donor impurities such as Se or Cl) creates the
“negatively charged Mn−
Ga
” for which we obtain ON =
+2 from Eq. (1). Without such additional doping of this
gap level, we have the “charge-neutral MnGa impurity”,
for which, using Eq. (1) and applying common rules [5],
one would assign ON = +3 for Mn in both GaN and
GaSb .
However, contrary to this generic picture, electronic
structure calculations [6, 27] reveal an important differ-
ence between the behaviors of Mn in GaN vs GaSb. As
shown in Table I, in GaN, the expected change of the
ON due to adding electrons to the entire system [i.e.,
changing Q(Compound) from 0 to −1] is reflected by a
change of the point group symmetry of MnGa and the
local magnetic moment of Mn, consistent with a change
of the Mn ON from +3 (d4) to +2 (d5). In GaSb, how-
ever, such a change does not occur, and from the sym-
metry and the magnitude of the local moment, we must
conclude that the ON of Mn is +2, irrespective of the
change of Q(compound). Thus, in order to accommo-
date this realization by Eq. (1), we then need to assume
a −2 ligand charge for Sb, instead of the usual −3 lig-
and charge. Thus, GaSb:Mn can be described has a “d5+
hole” configuration, in contrast to the d4 configuration of
GaN:Mn [27]. We see that ex post facto, Eq. (1) can ac-
commodate the knowledge gained from electronic struc-
ture calculations, but this truth is not forced upon us a
priori by the intrinsic concept of ON itself.
Example 2, substituting Mg by Li in MgO. Here, Mg,
Li, and O are elements, which by convention [5] rarely
exist in oxidation states other than +2, +1, and -2, re-
spectively. In the charge neutral case, however, the sum
of these “normal” ONs in the supercell (Mgn−1,Li)On,
does not add up to Q(compound)= 0, and one needs to
either (arbitrarily) pick one atom to have a non-standard
oxidation number, or assume a delocalized (free carrier
like) hole state in the MgO host. Experiment [28] and
theory [29] tell us that in the charge neutral case, one
of the six oxygen atoms around the Li site is oxidized to
ON(O)=−1 in the charge neutral case, whereas all other
O atoms remain in the “natural” ON(O)=−2. Here, elec-
tron doping then leads to changing the ON of this one O
ligands from ON(O)=−1 to ON(O)=−2.
Example 3, Fe in In2O3. Without additional doping
(“charge neutral”) FeIn in In2O3 exhibits a “d
5 config-
uration” and the corresponding ON = +3. Additional
doping by acceptors [i.e, lowering Q(Compound) by re-
moving electrons from the entire system] shows that there
exists also a positively charged FeIn state [30], for which
one might assume ON = +4 according to Eq. (1). How-
ever, similar to the Mn0Ga case in GaSb, here Fe
+
In
in
In2O3 largely maintains its d
5 configuration, and the hole
added to the system by additional acceptor doping is lo-
cated mostly in the dangling-bond-hybrid state [6] at the
oxygen ligands.
These examples illustrate that, an unambiguous as-
signment of oxidation states requires a detailed analysis
of the electronic structure, and that in many cases the
ON based on an ad hoc assumption of the ligand charge
leads to an even qualitatively wrong picture.
Example 4, transition metal borane complexes. Such
difficulties in a priori assignment of ON’s arise also in the
chemistry of transition metal borane complexes, where,
as described by Parkin [3], ON’s lack an unambiguous
definition. Assigning the ON’s, one needs to heterolyti-
cally chop up the compound into ions, which turns out to
be far from simple in the case of a covalent bond between
a trivalent BX3 ligand and a transition metal atom M:
should the two electrons from the covalent bonding or-
bital be assigned to M or BX3? Assigning the (fictional)
charges, one may (i) give the two electrons to the more
electronegative atom, or (ii) decide to remove the ligand
in a closed shell configuration. Even more ambiguity is
added to (ii) by the fact that [BX3] exists in two rea-
sonable closed shell configurations, and to (i) by the fact
that Boron’s electronegativity of 2.0 lies between e.g. Co
(1.8) and Rh (2.2), which could be expected to behave
very similarly, but would be assigned different ONs.
Example 5, Ba3Pt2, as discussed by JW. Similar ex-
amples regarding the need to figure out the detailed elec-
tronic structure before an ON label can be properly as-
signed was given by by JW in their Essay, when they
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5explain how the ON was deduced for Pt salts, saying:
“the actual Oxidation states of the elements are not at
all intuitive; only a precise analysis of the bands at the
Fermi surface (e.g delocalized electrons in the interlayer
region of Ba2Pt ) and the covalent interactions between
Pt atoms (one dimensional chains in BaPt,Pt2 dumbbels
in Ba3Pt2) lead to a consistent description”.
Thus, in answering the question posed at the top of
this paper about the physical meaning of the ON, we
find that the a priori assigned ON often does not reflect
the electronic structure of the transition metal and its
immediate neighbors (ligands), which largely determines
properties like color, bond distances and coordination ge-
ometry. However, once the (often nontrivial) electronic
structure is understood in its own right, the ensuing in-
sights can then be baptized under the label ON.
JW express an ideological distrust of quantum mechan-
ics with its underlying use of wavefunctions both because
“the exact wavefunctions as a solution to the Schro¨dinger
equation is practically impossible to determine”, and be-
cause it is difficult to determine system-to-system trends
because “each chemical system is described by its own
wavefunction”. However, as illustrated by the examples
above, a quantum mechanical calculation based on a rea-
sonably good approximation to the exact Hamiltonian it
is often indispensable to understand even the basic chem-
istry of the compound, including the assignment of ON.
As Pauling put it in his 1948 prophetic paper, “If scien-
tific progress continues, the next generation may have a
theory of valency that is sufficiently precise and powerful
to permit chemistry to be classed along with physics as
an exact science.”
AZ acknowledges illuminating discussions with G.
Parkin.
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